Abstract: Due to the solid rotor structure, High-Voltage Line-Start Solid Rotor Permanent Magnet Synchronous Motor (HVLSSR-PMSM) operates with high rotor temperature rise. If the ventilation path cannot take the rotor heat away in time, the rotor will overheat or even may led to the thermal demagnetization for permanent magnet. Therefore, it is of great significance to study the thermal issues of HVLSSR-PMSM. In the paper, the fluid field and temperature field of a 315 kW, 6 kV HVLSSR-PMSM with air-cooled hybrid ventilation systems are investigated. Firstly, the electromagnetic analysis of the machine is done by using the finite-element method, the loss distributions then are obtained, which will be assigned as the heat source for thermal analysis. Then, the three -dimensional (3-D) fluid thermal coupled mathematical model for thermal analysis of HVLSSR-PMSM is established. The temperature field and the fluid flowing state of HVLSSR-PMSM with single ventilation path air-cooled system are investigated by using the established 3D fluid thermal coupled mathematical model. A dual ventilation path air-cooled system for HVLSSR-PMSM is proposed to reduce the operating temperature rise. Then, the temperature field and fluid field of HVLSSR-PMSM with dual ventilation system are analyzed by comparing with single ventilation system. Moreover, the temperature experiments are carried out on the machine with dual ventilation system to validate the accuracy of the established mathematical models. The results show that the proposed dual ventilation path air-cooled system can effectively improve the thermal distribution of HVLSSR-PMSM, whilst it can also reduce the working temperature rise of the machine.
Introduction
The high -voltage line -start solid rotor permanent magnet synchronous motor (HVLSSR-PMSM) has attracted much attention as a candidate for heavy duty applications such as pumps for cooling system in power plants, large air compressor for mines, and fans, due to their inherent advantages of high efficiency, high power factor, high starting torque, and low starting current [1, 2] . In the actual operation of solid rotor permanent magnet (PM) synchronous motor, the rotor eddy current loss is considerably large. If the design of the air-cooled system structure is not reasonable, the stator and the rotor may operate with a high temperature. Therefore, it is of great significance to study the ventilation path air-cooled system in solid rotor PM machines to reduce the temperature rise and improve the reliability and operation life. The internal structure of HVLSSR-PMSM is as shown in Figure 1 . The stator windings chose a double-layer short-pitch configuration. The bars are embedded in the solid rotor, and the sleeve is inserted between the permanent magnet and the shaft. Materials properties of each part of the motor are as shown in Table 2 .
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The internal structure of HVLSSR-PMSM is as shown in Figure 1 . The stator windings chose a double-layer short-pitch configuration. The bars are embedded in the solid rotor, and the sleeve is inserted between the permanent magnet and the shaft. Materials properties of each part of the motor are as shown in Table 2 . Based on the literature [19] , the 2D transient electromagnetic field mathematical model is established, as shown in Figure 2 . For the convenience of analysis, the following assumptions have been made to simplify the solution procedure [18] : The internal structure of HVLSSR-PMSM is as shown in Figure 1 . The stator windings chose a double-layer short-pitch configuration. The bars are embedded in the solid rotor, and the sleeve is inserted between the permanent magnet and the shaft. Materials properties of each part of the motor are as shown in Table 2 . Based on the literature [19] , the 2D transient electromagnetic field mathematical model is established, as shown in Figure 2 . For the convenience of analysis, the following assumptions have been made to simplify the solution procedure [18] : permanent magnet NdFeB 8.949 5 
Stator slot wedge
The internal structure of HVLSSR-PMSM is as shown in Figure 1 . The stator windings chose a double-layer short-pitch configuration. The bars are embedded in the solid rotor, and the sleeve is inserted between the permanent magnet and the shaft. Materials properties of each part of the motor are as shown in Table 2 . For the convenience of analysis, the following assumptions have been made to simplify the solution procedure [18] The internal structure of HVLSSR-PMSM is as shown in Figure 1 . The stator windings chose a double-layer short-pitch configuration. The bars are embedded in the solid rotor, and the sleeve is inserted between the permanent magnet and the shaft. Materials properties of each part of the motor are as shown in Table 2 . For the convenience of analysis, the following assumptions have been made to simplify the solution procedure [18] :
Rotor core Steel1020 57 4 
Stator winding Copper 398
The internal structure of HVLSSR-PMSM is as shown in Figure 1 . The stator windings chose a double-layer short-pitch configuration. The bars are embedded in the solid rotor, and the sleeve is inserted between the permanent magnet and the shaft. Materials properties of each part of the motor are as shown in Table 2 . For the convenience of analysis, the following assumptions have been made to simplify the solution procedure [18] :
Stator core Silicon lamination 60.8 ----Based on the literature [19] , the 2D transient electromagnetic field mathematical model is established, as shown in Figure 2 .
The internal structure of HVLSSR-PMSM is as shown in Figure 1 . The stator windings chose a double-layer short-pitch configuration. The bars are embedded in the solid rotor, and the sleeve is inserted between the permanent magnet and the shaft. Materials properties of each part of the motor are as shown in Table 2 . Based on the literature [19] , the 2D transient electromagnetic field mathematical model is established, as shown in Figure 2 . For the convenience of analysis, the following assumptions have been made to simplify the solution procedure [18] : For the convenience of analysis, the following assumptions have been made to simplify the solution procedure [18] : (1) The influences of displacement current and the skin effect of the stator windings are ignored.
As the dimension of single rectangle coil is 1.4 × 6.7 mm, which is smaller than the skin depth 9.3 mm (fundamental operating frequency 50 Hz) and 3.3 mm (harmonic frequency 400 Hz). Thus, during the electromagnetic filed calculation, the proximity effects are ignored. (2) Materials are anisotropy. ( 3) The effects of temperature on the conductivity and permeability of the material are ignored.
By using the time-step finite element method (FEM), the established mathematical model of the motor is solved. Once the calculations are done, the stator copper loss, the stator core loss, the eddy current loss of solid rotor, bars, and permanent magnet are obtained as listed in Table 3 . 
Calculation and Analysis of Fluid and Heat Transfer of HVLSSR-PMSM
Taking the obtained loss distributions of HVLSSR-PMSM as the heat source for thermal analysis, the fluid thermal coupled calculation model is set up according to the heat transfer theories. Similar as the electromagnetic field calculations, the fluid thermal coupled calculation model can be also solved by using FEM.
Fundamental Assumptions
On the basis of satisfying the actual project, the following hypotheses are proposed:
(1) The influence of the buoyancy of cooling medium on fluid flowing is neglected.
(2) The air-cooled medium flow rate is far less than the sound velocity, so the fluid is treated as incompressible fluid.
Mathematical Model
The flow of air in the motor needs to satisfy the energy conservation equation, mass conservation equation, and momentum conservation equation. The mathematical equations of the fluid-thermal coupling of the motor are shown as follows [1] :
where, ρ is mass density (kg/m 3 ); u is the velocity vector; u, v, w are the velocity vector. P is pressure (Pa); S u , S v , S w are the conservation of momentum of the generalized source term in x, y, z, direction, respectively. S T is the heat source, φ is the dynamic viscosity coefficient [kg/(m·s)], λ is the thermal conductivity [W/(m·K)], c is the specific heat [J/(kg· • C)], and T is the temperature ( • C).
To calculate the flow of air in a turbulent state, the fluid flowing is calculated by the standard k-ε model [1] : where, k is the turbulent kinetic energy, ε is the diffusion factor, G k is the turbulence dissipation rate, G 1ε, G 2ε are constants, and σ k and σ ε are the Planck constants. The fluid flowing in HVLSSR-PMSM is exactly complex because of the asymmetry of the ventilation system and the rotor rotation effect. Therefore, it is necessary to establish a global fluid thermal coupled calculation model to accurately calculate the flow rate of the motor and the temperature distribution of each component. Considering the existing computer speed, the motor and the cooler are modeled into two parts, as shown in Figure 3 . Figure 3a is the cooler calculation model, and Figure 3b is the motor calculation model. The temperature of the outer loop air inlet and the outer loop air outlet can be measured. However, the temperature of the inner loop air inlet is difficult to obtain by measurements. Therefore, the temperature of the inner loop air inlet is determined by the temperature iteration calculation between the cooler calculation model and the motor calculation model.
where, k is the turbulent kinetic energy, ε is the diffusion factor, Gk is the turbulence dissipation rate, G1ε, G2ε are constants, and σk and σε are the Planck constants. The fluid flowing in HVLSSR-PMSM is exactly complex because of the asymmetry of the ventilation system and the rotor rotation effect. Therefore, it is necessary to establish a global fluid thermal coupled calculation model to accurately calculate the flow rate of the motor and the temperature distribution of each component. Considering the existing computer speed, the motor and the cooler are modeled into two parts, as shown in Figure 3 . Figure 3a is the cooler calculation model, and Figure 3b is the motor calculation model. The temperature of the outer loop air inlet and the outer loop air outlet can be measured. However, the temperature of the inner loop air inlet is difficult to obtain by measurements. Therefore, the temperature of the inner loop air inlet is determined by the temperature iteration calculation between the cooler calculation model and the motor calculation model. In order to avoid the instability of the computation, structured grid is used in the model. The hexahedron mesh is adopted for more than 90% in the model. The cells number is 4,466,880. The calculation model is established by using software Gambit. The flow and temperature in the motor are obtained from the CFD software Fluent (Fluent 14.5, ANSYS, Pittsburgh, PA, USA). The solving domain of HVLSSR-PMSM is meshed, as shown in Figure 4 .
To calculate the flow of air in a turbulent state, the fluid flowing is calculated by the standard k-
where, k is the turbulent kinetic energy, ε is the diffusion factor, Gk is the turbulence dissipation rate, G1ε, G2ε are constants, and σk and σε are the Planck constants. The fluid flowing in HVLSSR-PMSM is exactly complex because of the asymmetry of the ventilation system and the rotor rotation effect. Therefore, it is necessary to establish a global fluid thermal coupled calculation model to accurately calculate the flow rate of the motor and the temperature distribution of each component. Considering the existing computer speed, the motor and the cooler are modeled into two parts, as shown in Figure 3 . Figure 3a is the cooler calculation model, and Figure 3b is the motor calculation model. The temperature of the outer loop air inlet and the outer loop air outlet can be measured. However, the temperature of the inner loop air inlet is difficult to obtain by measurements. Therefore, the temperature of the inner loop air inlet is determined by the temperature iteration calculation between the cooler calculation model and the motor calculation model. The air-cooled hybrid ventilation systems of HVLSSR-PMSM with single ventilation path is shown in Figure 5 . The single ventilation path is composed of two cooling loops: the out cooling loop and the inner cooling loop, as shown in Figure 5 . In the out loop, the air enters into the cooler from the out loop air inlet. Then the air that pushed by the centrifugal fan goes into the aluminum tubes, by which the hot air in the inner loop is cooled. Finally, the warm air flows into the outside from out loop air outlet. Whereas, for the inner cooling loop, the cooling air in the inner loop flows into the motor from the inlet forced by the axial fan, and all the air passes the air gap, the stator radial ducts, and the axial ducts located at stator back yoke. The heat generated within the motor components can be taken away by the cooling air, and then the temperature of the cooling air will arise; finally, the heat of high temperature cooling air will be transferred to the air in the out cooling loop.
In inner loop, the warm air in the outlet flows through the cooler and then flows back into the motor inlet, and the cycle repeats.
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Analysis of Fluid Field and Temperature Field of HVLSSR-PMSM with Single Ventilation Path

The Effect of Single Ventilation Path on the Fluid Field of High-Voltage Line-Start Solid Rotor Permanent Magnet Synchronous Motor (HVLSSR-PMSM)
The air-cooled hybrid ventilation systems of HVLSSR-PMSM with single ventilation path is shown in Figure 5 . The single ventilation path is composed of two cooling loops: the out cooling loop and the inner cooling loop, as shown in Figure 5 . In the out loop, the air enters into the cooler from the out loop air inlet. Then the air that pushed by the centrifugal fan goes into the aluminum tubes, by which the hot air in the inner loop is cooled. Finally, the warm air flows into the outside from out loop air outlet. Whereas, for the inner cooling loop, the cooling air in the inner loop flows into the motor from the inlet forced by the axial fan, and all the air passes the air gap, the stator radial ducts, and the axial ducts located at stator back yoke. The heat generated within the motor components can be taken away by the cooling air, and then the temperature of the cooling air will arise; finally, the heat of high temperature cooling air will be transferred to the air in the out cooling loop.
In inner loop, the warm air in the outlet flows through the cooler and then flows back into the motor inlet, and the cycle repeats. According to the ventilation system structure of HVLSSR-PMSM with single ventilation path, the inner loop wind resistance equivalent model of the motor including the axial fan and the cooler is established, and then the air-flow equivalent network of the motor is solved. The boundary conditions of the inlet and outlet of the motor are determined.
The boundary conditions of the calculation model of HVLSSR-PMSM with single ventilation path are as follows:
(1) The inlet boundary conditions for a given mass flow inlet of the motor, whose mass flow is 0.075 kg/s. (2) The boundary conditions of the given pressure of the outlet of the motor, of which the ambient pressure is 1 atm.
Based on the theories of the computational fluid dynamics, the finite volume method is adopted to calculate the whole region 3D fluid-thermal coupled fields, both the fluid and the temperature distributions inside the HVLSSR-PMSM are obtained by using established 3D fluid thermal coupled model. According to the experimental environment, the ambient temperature is set as 16 °C . Considering the structure of prototype, the cross-section A-B-C-D section in Figure 4 is emphasized, and the fluid distribution in HVLSSR-PMSM with single ventilation path is shown in Figure 6 . According to the ventilation system structure of HVLSSR-PMSM with single ventilation path, the inner loop wind resistance equivalent model of the motor including the axial fan and the cooler is established, and then the air-flow equivalent network of the motor is solved. The boundary conditions of the inlet and outlet of the motor are determined.
Based on the theories of the computational fluid dynamics, the finite volume method is adopted to calculate the whole region 3D fluid-thermal coupled fields, both the fluid and the temperature distributions inside the HVLSSR-PMSM are obtained by using established 3D fluid thermal coupled model. According to the experimental environment, the ambient temperature is set as 16 • C. Considering the structure of prototype, the cross-section A-B-C-D section in Figure 4 is emphasized, and the fluid distribution in HVLSSR-PMSM with single ventilation path is shown in Figure 6 . The fluid velocity in Figure 6 is described as the composed vector of the axial velocity, circumferential velocity, and the radial velocity. As seen from Figure 5 , all the cooling air enters the air gap, so that the wind velocity in the air gap is increased. The internal flow maximum velocity of the motor is 17.2 m/s, which appears in the air gap corresponding to No. 4 stator radial ventilation duct.
In order to facilitate analysis, we assumed that the direction of fluid flowing from the stator teeth to the stator back yoke belongs to the out-wind zone and those with fluid moving from the stator back yoke to the stator teeth as the in-wind zone. Figure 7a shows the air flowing into the stator radial ventilation ducts from the air gap. The fluid velocity is larger and it changes obvious along radial direction of the machine because of the smaller The fluid velocity in Figure 6 is described as the composed vector of the axial velocity, circumferential velocity, and the radial velocity. As seen from Figure 5 , all the cooling air enters the air gap, so that the wind velocity in the air gap is increased. The internal flow maximum velocity of the motor is 17.2 m/s, which appears in the air gap corresponding to No. 4 stator radial ventilation duct.
In order to facilitate analysis, we assumed that the direction of fluid flowing from the stator teeth to the stator back yoke belongs to the out-wind zone and those with fluid moving from the stator back yoke to the stator teeth as the in-wind zone.
By viewing cross-section A-B-C-D in Figure 6 The exchange of the flow and the heat between air gap and stator yoke back axial ventilation duct is realized by stator radial ventilation ducts. Meanwhile, the stator radial ventilation ducts are also the main paths of the stator windings heat dissipation. The velocity and the temperature of the fluid inside the stator radial ventilation ducts have a great influence on the temperature distribution of the stator windings. To estimate their thermal effects, the radial flowing velocity of fluid of the stator radial ventilation ducts are investigated. The average velocity of air in all circumference stator radial ventilation ducts at the same radial positions is analyzed, and the changing trend of the radial flowing velocity of fluid of the stator radial ventilation ducts are shown in Figure 7 . The fluid velocity in Figure 6 is described as the composed vector of the axial velocity, circumferential velocity, and the radial velocity. As seen from Figure 5 , all the cooling air enters the air gap, so that the wind velocity in the air gap is increased. The internal flow maximum velocity of the motor is 17.2 m/s, which appears in the air gap corresponding to No. 4 stator radial ventilation duct.
By viewing cross-section A-B-C-D in Figure 6 Figure 7a shows the air flowing into the stator radial ventilation ducts from the air gap. The fluid velocity is larger and it changes obvious along radial direction of the machine because of the smaller 
The Effect of Single Ventilation Path on the Temperature Field of HVLSSR-PMSM
The variation of the velocity of flow in the stator radial ventilation duct will directly affect the temperature distribution of each component in the motor. By solving the 3D fluid thermal coupled calculation model, the 3D temperature distribution of the components in the motor with single ventilation path are obtained, as shown in Figure 8 . 
The variation of the velocity of flow in the stator radial ventilation duct will directly affect the temperature distribution of each component in the motor. By solving the 3D fluid thermal coupled calculation model, the 3D temperature distribution of the components in the motor with single ventilation path are obtained, as shown in Figure 8 . In Figure 8 , the maximum temperature difference of HVLSSR-PMSM with single ventilation path is 100 °C. The lowest temperature in the motor is 180 °C, which locates at the end windings that near the fan end. The temperature of each component gradually increases from the fan end to the shaft end in the axial direction. The highest temperature in the stator core is 270 °C, and the highest temperature in the stator winding is 280 °C, but it is 230 °C for rotor core and permanent magnet.
In this paper, the permanent magnet used for the machine is NdFeB (N35EH160), which has a maximum temperature of 200 °C. The magnetic properties and demagnetization curves are illustrated in Figure 9 . The highest temperature of the permanent magnet in HVLSSR-PMSM with single ventilation path is 230 °C, which has exceeded the maximum temperature for utilization. The highest temperature could affect machine performance and even led to the thermal demagnetization for permanent magnet. In Figure 8 , the maximum temperature difference of HVLSSR-PMSM with single ventilation path is 100 • C. The lowest temperature in the motor is 180 • C, which locates at the end windings that near the fan end. The temperature of each component gradually increases from the fan end to the shaft end in the axial direction. The highest temperature in the stator core is 270 • C, and the highest temperature in the stator winding is 280 • C, but it is 230 • C for rotor core and permanent magnet.
In this paper, the permanent magnet used for the machine is NdFeB (N35EH160), which has a maximum temperature of 200 • C. The magnetic properties and demagnetization curves are illustrated in Figure 9 . The highest temperature of the permanent magnet in HVLSSR-PMSM with single ventilation path is 230 • C, which has exceeded the maximum temperature for utilization. The highest temperature could affect machine performance and even led to the thermal demagnetization for permanent magnet. By testing the prototype of HVLSSR-PMSM with single ventilation path, the temperature rises of stator and rotor in the motor are higher than the insulation material. Due to the large internal wind resistance, the wind pressure provided by the axial flow fan cannot supply sufficient cooling air flowing velocity. Meanwhile, the air amount inside the motor is less and the cooling channel design is unreasonable, so that the air cooling system cannot effectively reduce the temperature rise in motor.
Therefore, the air-cooled ventilation systems with single ventilation path is optimized to a dual ventilation path.
Analysis of Fluid Field and Temperature Field of HVLSSR-PMSM with Dual Ventilation Path
The Effect of Dual Ventilation Path on the Fluid Field of HVLSSR-PMSM
The above analysis shows that the stator and rotor of HVLSSR-PMSM with single ventilation path have higher temperature. In order to reduce the temperature rise and improve the internal fluid flow unreasonable situation of the motor, the air-cooled system is changed to dual ventilation path. In the new optimized ventilation system, the axial throughout ducts are added to stator back yoke, as shown in Figure 10 . Based on the thermal network calculation model above, modifications to deal with the new yoke back ducts are performed. Due to the change of wind resistances inside the motor, the air amount inside the motor is changed. Therefore, the wind resistance equivalent model of HVLSSR-PMSM with dual ventilation path is obtained and solved, and the flow rate of inner loop air inlet is determined.
The boundary conditions of the calculation model of HVLSSR-PMSM with dual ventilation path are as follows:
(1) The inlet boundary conditions for a given mass flow inlet of the motor, whose mass flow is 0.4 kg/s. (2) The boundary conditions of the given pressure of the outlet of the motor, of which the ambient pressure is 1 atm.
The air-cooled hybrid ventilation systems of HVLSSR-PMSM with dual ventilation path is shown in Figure 10 . By testing the prototype of HVLSSR-PMSM with single ventilation path, the temperature rises of stator and rotor in the motor are higher than the insulation material. Due to the large internal wind resistance, the wind pressure provided by the axial flow fan cannot supply sufficient cooling air flowing velocity. Meanwhile, the air amount inside the motor is less and the cooling channel design is unreasonable, so that the air cooling system cannot effectively reduce the temperature rise in motor.
Analysis of Fluid Field and Temperature Field of HVLSSR-PMSM with Dual Ventilation Path
The Effect of Dual Ventilation Path on the Fluid Field of HVLSSR-PMSM
(1) The inlet boundary conditions for a given mass flow inlet of the motor, whose mass flow is 0.4 kg/s. (2) The boundary conditions of the given pressure of the outlet of the motor, of which the ambient pressure is 1 atm. The air-cooled hybrid ventilation systems of HVLSSR-PMSM with dual ventilation path is shown in Figure 10 . It shows that the cold air from the inner loop air inlet into the motor is divided into two parts. One part of air enters into the air gap, and the other cooling air enters the stator axial ventilation duct. The internal flow maximum velocity of the motor is 17.4 m/s, which appears in the air gap corresponding to No. 2 stator radial ventilation duct. The fluid distribution within the cross-section A-B-C-D of the fluid distribution of HVLSSR-PMSM with dual ventilation path is shown in Figure  11 . The flow velocities of fluid in stator radial ventilation ducts vary greatly after the change of ventilation path. The average velocity of air in all circumference stator radial ventilation ducts at the same radial positions is investigated, and the changing trend of the radial flowing velocity of fluid of the stator radial ventilation ducts of HVLSSR-PMSM with dual ventilation path are shown in Figure  12 . It shows that the cold air from the inner loop air inlet into the motor is divided into two parts. One part of air enters into the air gap, and the other cooling air enters the stator axial ventilation duct. The internal flow maximum velocity of the motor is 17.4 m/s, which appears in the air gap corresponding to No. 2 stator radial ventilation duct. The fluid distribution within the cross-section A-B-C-D of the fluid distribution of HVLSSR-PMSM with dual ventilation path is shown in Figure 11 . It shows that the cold air from the inner loop air inlet into the motor is divided into two parts. One part of air enters into the air gap, and the other cooling air enters the stator axial ventilation duct. The internal flow maximum velocity of the motor is 17.4 m/s, which appears in the air gap corresponding to No. 2 stator radial ventilation duct. The fluid distribution within the cross-section A-B-C-D of the fluid distribution of HVLSSR-PMSM with dual ventilation path is shown in Figure  11 . The flow velocities of fluid in stator radial ventilation ducts vary greatly after the change of ventilation path. The average velocity of air in all circumference stator radial ventilation ducts at the same radial positions is investigated, and the changing trend of the radial flowing velocity of fluid of the stator radial ventilation ducts of HVLSSR-PMSM with dual ventilation path are shown in Figure  12 . According to the calculation results of fluid field, the air volume of air gap inlet, air gap outlet, and the stator axial ventilation duct inlet and outlet are obtained. The air amount is as shown in Table  4 . The fluid flowing velocity in No. 6 stator radial ventilation duct is the largest of those in all stator radial ventilation duct. The fluid flowing velocity in No. 1 stator radial ventilation duct which is close to the fan end is lower than that fluid flowing velocity in No. 6 stator radial ventilation duct, so that the lowest temperature locates at this region. On the contrary, the fluid flowing velocity in No. 4 stator radial ventilation duct is less than that of other stator radial ventilation ducts.
According to the calculation results of fluid field, the air volume of air gap inlet, air gap outlet, and the stator axial ventilation duct inlet and outlet are obtained. The air amount is as shown in Table 4 . It can be seen in the Table 4 that the air account of flow into the stator axial ventilation duct is about eight times of that to the air amount of entering the air gap. It is because that the stator axial ventilation duct inlet area, which is larger than the air gap inlet area. In addition, due to the rotating of rotor, some circumferential fluid pressure is generated in air gap, which prevents the entering of cooling air in some case.
In addition, the air amount of air gap outlet is 12.27%, is 1.1% larger than that of air gap inlet. Some of the air in the stator axial ventilation duct enters the air gap. However, the sum of the flow rate at the inlet of the air gap and stator axial ventilation duct equals to the sum of the flow rate at the outlet of the air gap and stator axial ventilation duct.
The Effect of Dual Ventilation Path on the Temperature Field of HVLSSR-PMSM
The air-cooled effects of HVLSSR-PMSM are related to the stator axial ventilation ducts, stator radial ventilation ducts, the cooling air volume, and its velocity in air gap. By using the same method, the 3D fluid-thermal coupled calculation model is solved. The three-dimensional temperature distribution of the components in the motor with dual air air-cooled system are obtained, as shown in Figure 13 . It can be seen in the Table 4 that the air account of flow into the stator axial ventilation duct is about eight times of that to the air amount of entering the air gap. It is because that the stator axial ventilation duct inlet area, which is larger than the air gap inlet area. In addition, due to the rotating of rotor, some circumferential fluid pressure is generated in air gap, which prevents the entering of cooling air in some case.
The air-cooled effects of HVLSSR-PMSM are related to the stator axial ventilation ducts, stator radial ventilation ducts, the cooling air volume, and its velocity in air gap. By using the same method, the 3D fluid-thermal coupled calculation model is solved. The three-dimensional temperature distribution of the components in the motor with dual air air-cooled system are obtained, as shown in Figure 13 . As shown in Figure 13 , the maximum axial temperature difference of HVLSSR-PMSM with dual ventilation path is 74 °C. The lowest temperature in the motor is 105 °C, which is located at the windings end near the fan end. The temperatures of each component gradually increased from the fan end to the shaft end in the axial direction. The highest temperature in the stator core, stator windings, rotor core, and permanent magnet are 155 °C, 150 °C, 179 °C, and 178 °C, respectively.
Six negative temperature coefficient (NTC) thermistors are embedded in the prototype of HVLSSR-PMSM, and the practical test rig and facilities are shown in Figure 14 . At the temperature measurement locations, the experimental temperature values are compared with the simulation dates, as shown in Table 5 .
To measure the end windings temperature, one temperature sensor is embedded at the fan end windings and the other temperature sensor is embedded at axle stretch end windings. The experimental and simulation results of temperature in end windings are shown in Table 6 . As shown in Figure 13 , the maximum axial temperature difference of HVLSSR-PMSM with dual ventilation path is 74 • C. The lowest temperature in the motor is 105 • C, which is located at the windings end near the fan end. The temperatures of each component gradually increased from the fan end to the shaft end in the axial direction. The highest temperature in the stator core, stator windings, rotor core, and permanent magnet are 155 • C, 150 • C, 179 • C, and 178 • C, respectively.
Six negative temperature coefficient (NTC) thermistors are embedded in the prototype of HVLSSR-PMSM, and the practical test rig and facilities are shown in Figure 14 . At the temperature measurement locations, the experimental temperature values are compared with the simulation dates, as shown in Table 5 . To measure the end windings temperature, one temperature sensor is embedded at the fan end windings and the other temperature sensor is embedded at axle stretch end windings. The experimental and simulation results of temperature in end windings are shown in Table 6 . The reason for the different trend is that the position of the temperature measurement point may be shifted at the time of installation, which leads to a slight difference between the calculated value the measured value of the permanent magnet temperature.
However, it can be seen from Tables 5 and 6 that the calculated temperature of the permanent magnet and end windings are close to the experimental result, which shows that the established calculation model is in accordance with the actual situation and satisfies the requirements of calculation accuracy.
A comparison of Figures 8 and 13 indicates that the highest temperature of stator core, stator windings, rotor core, and permanent magnet in HVLSSR-PMSM with dual ventilation path are reduced by 115 °C, 130 °C, 51 °C, and 52 °C, respectively. It is shown that the temperature distribution of the stator and rotor are obviously improved by the dual ventilation path cooling system. The reason for the different trend is that the position of the temperature measurement point may be shifted at the time of installation, which leads to a slight difference between the calculated value the measured value of the permanent magnet temperature.
Conclusions
A comparison of Figures 8 and 13 indicates that the highest temperature of stator core, stator windings, rotor core, and permanent magnet in HVLSSR-PMSM with dual ventilation path are reduced by 115 • C, 130 • C, 51 • C, and 52 • C, respectively. It is shown that the temperature distribution of the stator and rotor are obviously improved by the dual ventilation path cooling system.
In this paper, a 3D fluid thermal coupled model for HVLSSR-PMSM has been established. The fluid field and temperature field in the motor with different ventilation systems are calculated. The following conclusions could be obtained. 
